AbstracG A new active feed-forward snubber for conventional three-phase PWM (Pulse Width Modulated) boost rectifier using single switch operated in discontinuous conduction input current mode (DCM) is proposed. It is a resonant circuit consisting of a switch and passive components and it ensures that the main boost switch will he switched under zerc-voltage (ZV) condition. Also, the boost diode operates under soft switching condition. Since the snubber circuit is a resonant circuit, the auxiliary switch itself has a soft turn-on and turn-off, resulting in reduced switching losses and eleclromagnetic interference (EMI). Performance of the converter circuit is predicted by simulating it on SABER. A laboratory prototype delivering 1kW power at 245 Volts from 86.6Vm0, is designed and developed. The simulation results obtained are verified experimentally.
INTRODUC~ION
Over the years extensive research wcrk has been carried out to find new active snubbers (auxiliary circuits) for the conventional hard-switching singlsphase single-switch PWM boost PFC rectifier. Few wellknown voltage mode methods are reported in [l-31. These methods enable the main boost switch to be turned ON and OFF at zerevoltage condition with the help of an auxiliary circuit. After carefully studying these techniques it can be concluded that most of them are capable of functioning under continuous conduction mode (CCM) and discontinwus conduction mode (DCM) of operations. This is true because the auxiliary circuits therein function only for a very short duration within a switching cycle. Thus knowing the above fact, it comes to ones mind to apply these techniques to conventional hard-switching singleswitch unity power factor diode rectifiers [4J. However, threephase boost-type rectifiers are generally designed for high power applications. Use of these techniques results in high current and voltage stresses on the switches. This can be explained as follows: For high power applications, IG13Ts are preferred to power MOSFETs. However, high power IGBT requires a comparatively higher value of external snubber capacitor to be connected across it in order to minimize its turn-off losses [ 5 ] . This results in higher current stresses on the auxiliary circuit. These stresses are also proportional to the output voltage rating. For example, if the technique reported in [I] is used to soft-switch the main boost switch, it results in high current stress on the auxiliary switch, which also has a lossy hard turnoff. Similarly if the technique reported in [2] is used, it results in high voltage stress on the auxiliary switch and current stress on the main boost switch. This motivates the search for a fully new soft-switched snubber circuit topology that is capable of reducing the current and voltage stresses (preferably equal to output voltage magnitude). Lower current stresses on the auxiliary circuit components are desired to achieve high overall efficiency of the converter 161. The use of snubber circuit proposed in this paper results in overall high efficiency since the auxiliary circuit current does not flow through the m i n boost switch. Also, average current stress on the auxiliary switch is low. This is not the case with the soft-switching active snubber reported in [XI, wherein the auxiliary circuit current flows through the main boost switch. Moreover the average curent stress on the auxiliary switch is significantly higher compared to that in the proposed circuit. Also. the main boost switch (IGBT) is turned ON under zerecurrent-switching condition, while in the proposed circuit this switch is turned ON under zero voltage condition.
Hence the objective of this paper is to present a new circuit, which realizes a soft-switching threephase PWM DCM boost rectifier. Since the converter switching frequency is constant, a small E M filter required at the input is easy to design. The main advantages of the proposed converter (Fig. I ) and the auxiliary circuit therein are:
The maximum value of voltage stress on the active switches and diodes is limited to the magnitude of output voltage. The proposed circuit eliminates three major disadvantages of the conventional harclswitching three-phase PWM DCM boost rectifier, namely, Fig. 2(a) . This leads to a single phase equivalent circuit of the rectifier shown in Fig. 2(b) , whichis used to explain seven modes of operation of the circuit. Equivalent circuits for these modes are shown in Fig.  3(a) and the ideal circuit waveforms are shown in Fig. 3 . .
Interval 3: (13 5 t 5 b): In this interval, switch S , , diodes D,and D,, , and anti-parallel diode of SI are ON. Input current continues to increase linearly. At the start of this interval, current in S, contains a small dc offset current attained during interval 2 (negligibly small dc offset current superimposed on resonant current flowing through S, during interval 2 , which does not reflect in the transformer secondary current). Hence, the magnitude of current in S, is not equal to the equivalent current flowing in L , . Currents through S, and L, decrease linearly. However, when current in L, and D, reaches zero simultaneously, current in S, is of the order of 0.3-to-0.45A. Thus, when 5, turns OFF at the end of this interval, tertiary winding of T, conducts for a very short duration with peak current of the order of 0.30.45A. Since the dc offset current magnitude (which depends on the duration of interval 2 ) is negligibly small, S, is still considered to be operating urder ZC switching condition. Initial conditions for this interval are: i, = i o , , iL, = iL,2 , is* =is,, . And the circuit equations are:
is, =n*iL, R" I Vc, = in3 * Rol sinw, (t -I s ) + I .7321/,,(1 -cosw,(r -i s ) ) ( I I ) where, w1 = ,/= I Interval 6: (k < t 5 t,): In this interval diodes D,, and Dh are ON and all other switches are OFF. The input current (phase 'a' current) decreases linearly at a rate proportional to the difference of output voltage and instantaneous value of the input phase voltage. This mode ends when the source current falls to zero. Initial condition for this interval is: I , =I,,, , The circuit equation is:
. .
IV. DESIGN GUIDELINES A. Selection of boost converrer components and C,
Design guidelines are derived using the simplified model of the proposed rectifier shown in Fig. 2(b) and are presented in this section:
The use of proposed snubber circuit in the conventional hard switching boost converter operahng at a duty cycle of 0.5 increases its output power marginally. The new power output obtained is given by (13) [9] . The assumptions made while deriving (13) are:
The effect of interval 2 is neglected. All circuit components are considered to be ideal. Output voltage is fixed at twice the source maximum line-to-line voltage. C, in the range of 50nF to 200nF is selected to minimize the turnoff loss of IGBT. In order to maintain the operation in DCM, switching cycle time period after the addition of snubber circuit increases from T, to TA + 7; .
In order 10 mainlain DCM operation, omtime Of SI decreases from OST, to OST, -Tze,,, . Switch SI is now turned on in between or at the end of interval 3. Time duration of interval 3 is labelled as T,,, . The value of T,,,,, is fixed before hand and is taken to he few integral multiples of the IGBT tureon delay time (refer section B below). This duration is chosen in such a way that SI is turned on under ZVS condition. It can he observed that (14) has three unknowns (Tzrr0. n , and q). If two of them are fixed judiciously, the third one can be calculated. Tze,<, is taken as a Aachen. Germany. 2004 few integral multiples of IGBT turn-on delay time. Transformer turns ratio should be selected in such a way that SI is operated under ZVS condition while maintaining low current stress on S, . The value of turns ratio in the range of 2.5-3.5 is recommended. Having fixed the value of n and T-,,, , the required value of w2 can be calculated.
C. Selection of auxiliary switch S, and diodes D, and D, l
The peak voltage and current ratings of S, are, In order to minimize the losses, the output capacitance of the device should be as low as possible. The maximum voltage that the diodes D, and Drl can experienc:e is the output voltage V,. The peak current stress experienced by 0, can be determined by dividing the current flowing through S2 by the turn-ratio n . However, the average current rating of 0, is negligibly small.
V. DESIGNPROCEDURE
A design procedure to select the boost converter and auxiliary circuit components is presented in this section. The procedure is based on the guidelines presented in the previous section.
S@Q Design a conventional hard switching boost c:onverter whose power rating is 95 % of the q u i r e d output power.
&Q Select a suitable value of snubber capacitor C:, in the range of 5@200nF. Using (13) calculate the expected output power of the converter with proposed snubber circuit.
Check whether the power obtained from the soft switched converter is equal to the required power. ?he value of boost inductors (La =l,, =L,) is decreased in small steps if the output power is less than the required and vicaversa.
a Calculate w2 by fixing n and time duration Tz,o by using (14). Inductance L, is then calculated from w2
VI. m I O N EXAMPLE AND SIMULATION RESULTS
Proposed converter with the following specification is designed using its simplified singlephase circuit shown in Fig 2(b) .
Output power = 1 kW;
Output voltage = 245V;
Input voltage = 86.6VrmgLL,; Switching-frequency close to = 20kHz; It is found that with the use of the proposed snubber circuit the output power of conventional hadswitching boost converter with switching frequency of 20 kHz and duty cycle of 0.5 increases from 932 W to 1002W. The value of snubber capacitor is l00nF and that of input boost inductors (L, =& =L,) is found to be 97.5pH. Also, the new value of switching cycle time period and on time of boost switch S,are 5 1 . 6~s and 2 4 . 4~s respectively. Value of time duration Tzer,,is fixed at 0 . 6~~. Thus the new switching frequency of the converter is 19.37kHz. For ~2 . 4 4 , w2 is found out to be 707107 radlsec. Thus the value of inductor L,used is 2OpH. In order to validate the analysis and to predict the performance of the rectifier, a detailed simulation study is carried out on SABER. Fig. 4(a) shows the simulated phase 'a' voltage and current waveforms. Fig. 4(b) hows various simulated circuit waveforms including tertiary winding current. 
VII. EXPERIMENTAL RESULTS
In order to validate the simulation results, a laboratory prototype of the proposed converter fed from an 86.6 V rms (corresponding to 50 V rms phase) lineto-line and delivering a power of IOOOW at 245 volts is designed. The various waveforms obtained from the prototype are shown in Fig.  5(a-c) 
VIII. CONCLUSION
This paper proposes a novel softswitching active snubber for single-switch three-phase unity power factor diode rectifiers. It provides ZVS for the main boost switch, thus reducing its turn odoff losses considerably. It is now possible to operate the converter at higher switching frequencies. As a result, the size of input boost inductor and EM1 filter reduces.
The operation of the circuit is explained and a detailed analysis is carried out. Simulation and experimental results are presented to validate the analysis.
